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ABSTRACT: Paper spray mass spectrometry (PS-MS) is explored as a fast and convenient way for direct analysis of molecules in tissues with minimum sample pretreatment. This technique allows direct detection of different types of compounds such as hormones, lipids, and therapeutic drugs in short total analysis times (less than 1 min) using a small volume of tissue sample (typically 1 mm 3 or less). The tissue sample could be obtained by needle aspiration biopsy, by punch biopsy, or by rubbing a thin tissue section across the paper. There exists potential for the application of paper spray mass spectrometry together with tissue biopsy for clinical diagnostics. R apid, quantitative, and specific chemical information on biological tissue is of importance to biomedical research and clinical diagnosis. Such information not only can advance the discovery of biomarkers for disease diagnosis 1-3 but also can help to determine the distribution of therapeutic drugs and their metabolites in the course of new drug development. 4 Tissue biopsy is a routine clinical procedure which is applied to tissue samples of all types for assessment of disease state, including the presence and nature of tumors. 5, 6 Needle aspiration biopsy (NAB), for instance, involves aspiration of tissue sample into a syringe through a thin, hollow needle and its expulsion onto a glass slide as a tissue smear for examination. Typically, histochemical or immunohistochemical staining of the tissue smear is performed followed by microscopic examination by a pathologist. While this method is time-tested and well established, a label-free, generally applicable, and molecularly specific method of chemical analysis applicable to the biopsied sample could potentially significantly improve the information content of the analysis and consequently improve the accuracy of diagnosis. 7, 8 If such a method were also rapid and easily implemented, its value would be considerable.
Mass spectrometry (MS) provides a highly sensitive, molecularly specific, and in some forms, high-throughput approach to chemical analysis. [9] [10] [11] [12] [13] [14] [15] [16] [17] The challenge in applying MS to tissue analysis includes the cumbersome sample preparation normally required before the MS analysis step. In addition to analysis using electrospray ionization (ESI)-MS of analytes separated from tissue samples, 18 a series of desorption-ionization methods has been applied to imaging of the analytes within tissue sections. These methods have included matrix-assisted laser desorption ionization (MALDI), 19 desorption electrospray ionization (DESI), 20 electrospray laser desorption ionization (ELDI), 21 laser ablation electrospray ionization (LAESI), 22 and secondary ion mass spectrometry (SIMS). 23, 24 Depending on the sampling and ionization method, preparation of the tissue samples is done in different ways, from simple sectioning of frozen tissues 22, 25 to pretreatment with addition of appropriate matrixes. 19, 26 A variety of compounds from tissue have been examined using these methods, including drugs, 27,28 lipids, 25 peptides, and proteins. 29 Tissue biopsy can be performed quickly at outpatient clinics, and the tissue can be characterized by morphological, histological, and histochemical methods. The application of MS analysis to tissue biopsy requires sampling and ionization methods suitable for small volume samples, preferably with no requirement for sample preparation and, hence, with high throughput characteristics. As an example, probe electrospray ionization (PESI) sampling tissue using a needle with subsequent analysis by ESI. 30 The ambient ionization methods, especially DESI, have seen significant use in tissue analysis. Quantitative capabilities using rapid screening sampling methods would significantly increase the value of applying MS analysis to clinical tissue biopsy analysis. In this study, we explore a method based on paper spray ionization for rapid tissue biopsy molecular analysis.
Paper spray (PS) is a recently developed ionization method that has been shown to be effective in the analysis of complex biological fluid samples, including compounds in whole blood and raw urine. 31, 32 Chromatographic paper or other porous substrates are cut into a triangular shape and then loaded with biological samples. When solvent is applied and a high voltage is supplied to the paper, a spray of charged droplets is induced at the tip of the paper triangle. Internal standards have been used for accurate quantitation, and they are applied with the solvent or by Analytical Chemistry LETTER preprinting them onto the paper. Limits of quantitation (LOQ) as low as 1 ng/mL have been achieved for therapeutic drug monitoring with dried blood spots. 32, 33 One unique feature of paper spray is the low consumption of sample as well as consumables required for the analysis, a feature which is particularly suitable for on-site clinical analysis. In this study, we demonstrate that paper spray can also be used for direct analysis of biological tissue. Less than 1 μL of tissue sample is enough for direct detection of hormones, lipids, and therapeutic drugs without any sample pretreatment. This method can be coupled with tissue biopsy as a point-of-care (POC) medical test to probe the chemical information of biological tissues.
' EXPERIMENTAL SECTION
Porcine adrenal gland and mouse liver tissue were purchased from Pel-Freez (Rogers, AR). Human prostate tumor and normal tissue sections (ca. 3 cm 2 Â 15 μm) obtained from the School of Medicine at Indiana University and previously studied using DESI imaging 34 were used. The procedure for preparing rat tissues and tissue homogenates containing hydralazine is described in the Supporting Information. For the punch biopsy experiment, a homemade biopsy punch with a stainless steel tubing (i.d. 1 mm) tip was inserted into the biological tissue to remove a fixed volume of tissue sample (ca. 0.8 μL). The phospholipid 1-palmitoyl-2glutaryl-sn-glycero-3-phosphocholine(16:0-05:0 (COOH) GPCho) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Other reagents were purchased from Sigma-Aldrich (Milwaukee, WI). Mass analysis using paper spray was performed using TSQ Quantum, LTQ ion trap, and Exactive Orbitrap mass spectrometers (Thermo Scientific Inc., San Jose, CA), and the detailed experimental conditions are described in the Supporting Information.
' RESULTS AND DISCUSSION Figure 1 shows in schematic form an experiment in which paper spray ionization is used for MS analysis of biological tissue. The experiment couples tissue biopsy with MS analysis. The punched tissue sample was transferred onto the paper triangle for paper spray ionization. Other methods were also used to obtain the tissue samples such as needle aspiration biopsy from bulk tissue or by smearing tissue section on a glass slide.
Hormones. To demonstrate that paper spray can be used for hormone detection, porcine adrenal gland, the gland mainly responsible for releasing hormones under stress, was analyzed using the LTQ ion trap mass spectrometer with paper spray. Porcine adrenal gland tissue (≈1 mm 3 ) was placed onto the paper surface using the NAB sampling procedure; MeOH/water (v/v, 1:1; 10 μL) was added, and a DC potential of 4.5 kV was applied to the paper to produce a spray. Hormones epinephrine (EP) (m/z 184) and norepinephrine (m/z 170) were observed in the mass spectrum, and their identification was confirmed by tandem mass spectra ( Figure 2 ). The most abundant fragments occur at m/z 166 which arises from m/z 184 and m/z 152 which arises from m/z 170, corresponding to H 2 O loss from the parent protonated molecules, respectively.
Lipids. Lipids play important roles in energy storage and as the principal components of cell membranes, and they act as signaling molecules. In recent years, lipids have been found to be potential biomarkers for cancer diagnosis, [34] [35] [36] [37] and their role in cardiovascular disease is also well established. 38, 39 A fast and accurate method for analysis of lipid composition in tissue is highly desirable. Such information is obtainable by DESI mass spectrometry, which allows tissue imaging, but alternatives are desirable.
Human prostate tumor tissue and adjacent normal tissue were analyzed using paper spray ionization. Tumor and adjacent normal tissue sections (15 μm thick) were thaw mounted onto a glass slide. A metal needle was used to take 1 mm 2 Â 15 μm volumes of tissue from the tumor and normal regions, as determined by earlier pathological examination. The removed tissue was smeared onto the surface of a paper triangle for paper spray experiments. Methanol/water (v/v, 1:1; 10 μL) was added to the paper as solvent, and then, 4.5 kV positive DC voltage was applied to produce the spray. As shown in Figure 3 , phospholipids such as phosphatidylcholine (PC) and sphingomyelin (SM) were identified in the spectra, with distinctive patterns observed for normal and tumor tissue samples. The peak corresponding to [PC(34:1) þ K] þ at m/z 798 was significantly higher in the tumor tissue ( Figure 3a) , and the signals due to sphingomyelin, [SM(34:1) þ Na] þ at m/z 725, [SM(36:0) þ Na] þ at m/z 756, and [SM(36:4)þNa] þ at m/z 804, were significantly lower in comparison with normal tissue (Figure 3b ). It should be noted that the signal intensity of phospholipids obtained by paper spray was higher than that recorded in a typical DESI analysis on the same tissue section. 34 This is presumably due to the longer solvent extraction time and the larger sample volume examined for paper spray.
Rat brain tissue sections were also tested using paper spray ionization. The tissue samples were removed using a metal Figure 1 . Procedure for combining tissue biopsy with paper spray mass spectrometry. Figure 2 . Direct analysis of hormones in animal tissue by PS-MS after needle aspiration biopsy. Porcine adrenal gland tissue (1 mm 3 ) was placed on the paper surface; MeOH/water (1/1 v:v; 10 μL) was added, and a DC potential of 4.5 kV was applied to the paper to produce a spray. Hormones epinephrine and norepinephrine were identified and confirmed with MS/MS (spectra shown as insets). Spectra recorded using LTQ ion trap mass spectrometer.
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LETTER needle from the gray-matter region and the white-matter region, and two distinctive MS peak patterns were observed using the Exactive Orbitrap in the negative ion mode ( Figure S-1 , Supporting Information). The peaks at m/z 834.53 and 888.62 were identified as corresponding to PS (40:6) and ST (24:1), which are characteristic lipids in the gray-matter region and in the white-matter region, respectively. It can be seen that PS (40:6) was more abundant in the gray-matter region and ST (24:1) was more abundant in the white-matter region, which is in accordance with the results of a previous study. 25 When the ultrahigh resolution setting (100 000) of the Orbitrap was used, more lipids were identified from different organs of rat (kidney, liver, spinal cord, and brain), as shown in Figure S-2 (Supporting Information). The possible lipids which gave signals with the relative abundance higher than 5% in the brain gray-matter region were listed in Table S-1 (Supporting Information).
Therapeutic Drugs. Most therapeutic drug testing is done with blood samples because it is less invasive than collecting a tissue biopsy. However, due to differences in efficiency of drug delivery, the blood concentration of the drug may not correlate with the concentration of the drug in different organs. 40 It is, therefore, highly desirable to find out the local effective concentration of drugs at the disease site and to evaluate the side effect of drugs at the organs where they are metabolized. Different imaging methods have been utilized to identify the distribution of the drugs and their metabolites in tissue, including magnetic resonance imaging, 41 positron emission tomography, 42 autoradiography, 43 and near-infrared fluorescence. 44 The spatial resolution of these methods ranges from micrometers to millimeters, and the time required for analysis ranges from minutes to hours. Chemical reagents are usually needed to enhance imaging contrast and spatial resolution.
In a preliminary experiment, therapeutic drugs of interest were deposited onto the tissue section or spiked into the tissue homogenate and the samples were analyzed using the LTQ ion trap mass spectrometer with paper spray. Atenolol (0.36 ng, on 1 mm 2 mouse adrenal gland section) was identified as shown in Information) . Imatinib, an FDA approved anticancer drug, was spiked into mouse liver tissue homogenate, and then, 0.5 μL of the sample was applied to the paper surface to form a dried spot. Spray solvent was applied subsequently for paper spray, and an MS spectrum for 2.5 ng of imatinib and an MS/MS spectrum for 250 pg of imatinib in 0.5 μL tissue homogenate were recorded as shown in Figure S To validate the fact that paper spray mass spectrometry (PS-MS) could be used for quantitative analysis of drugs in the tissue, a rat was dosed with hydralazine, an FDA approved antihypertensive. Tissue homogenates from several organs were spotted onto the paper for analysis. Hydralazine could be directly identified from the tandem mass spectra for kidney (Figure 4a) , liver, and spinal cord tissues. To estimate the concentration of hydralazine in the kidney tissue, a calibration curve was acquired using the kidney tissue homogenate samples from another rat not treated with hydralazine. The samples were prepared with hydralazine spiked Analytical Chemistry LETTER at different concentrations (from 16 to 2000 ng/mL) and with nicotine spiked as internal standard at a constant concentration (250 ng/mL). Quantitative analysis was performed using the intensity ratio of the characteristic fragment at m/z 89 for hydralazine and m/z 132 for nicotine in single the reaction monitoring (SRM) mode using TSQ triple quadrupole mass spectrometer. The tissue homogenates from the drug-dosed rat were prepared in the same procedure but only with the nicotine spiked as internal standard. The concentration of dosed hydralazine in the tissue homogenate was measured to be 1.26 μg/mL by fitting to the calibration curve. Since 1 mL of homogenate was made from 0.3 g of tissue, the concentration of the dosed hydralazine in the bulk kidney tissue was calculated to be 4.2 μg per gram.
Direct analysis of the dosed hydralazine in bulk rat kidney tissue has also been explored ( Figure S-4 , Supporting Information), and it was found that the observed spectral intensity for the drug was lower than that for the tissue homogenate samples containing the same amount of drug. A comparison of the extraction efficiency was made by applying 10 μL of spray solvent containing nicotine as internal standard to bulk kidney tissue on paper and to a tissue homogenate dried spot on paper, respectively. The intensity ratios of drug and internal standard were obtained for each case, and the extraction efficiencies were compared. It was found that the extraction of the dosed drug from the tissue homogenate dried spot on paper is about 10 times more efficient than that for bulk tissue on paper.
Effects of Solvent Composition and Sample Volume. Biological tissues are complex mixtures, and it is foreseen that different solvents can extract chemicals with different efficiencies. However, for a paper spray experiment, the solvent affects not only the chemical extraction but also the ionization process. Therefore, the MS signal of particular chemicals is a convolution of the extraction efficiency and the ionization efficiency. To characterize the solvent effect, tissue homogenates made from porcine adrenal gland, which contains relatively large amount of hormones and phospholipids, 45 were used. Three chemicals were taken into account: the therapeutic drug imatinib (spiked at 500 ng/mL), the hormone epinephrine, and the phospholipid 38:4 GPCho. Different solvents were tested, including dimethylformamide, acetone, acetonitrile, a chloroform/methanol mixture, and a methanol/water mixture. It was found that only methanol/ water mixtures gave relatively stable and strong signal intensities for these three chemicals. The other solvents did not work well, presumably due to the poor solubilities and/or poor spray formation. We further studied the relationship between the relative intensities of the target analytes with different percentages of methanol in the methanol/water mixture. As shown in Figure 5a , the intensity of imatinib increases with the increasing methanol percentage. Epinephrine and 38:4 GPCho gave opposite trends: the strongest epinephrine intensity was around 70% methanol whereas the weakest 38:4 GPCho intensity was around 60% methanol. However, as shown in Figure S -5 (Supporting Information), when each of these analytes was present as a pure chemical in solution and analyzed using paper spray, the observed solvent effects were significantly different from those for tissue homogenate. This suggests the existence of a strong matrix effect in tissue analysis as well as a possible suppression effect on phospholipids by epinephrine during paper spray. The maximum absolute intensity observed for an analyte in pure solution is higher than that for tissue homogenate samples, for instance, by a favor of five for imatinib. The sharper maxima observed for the pure solutions ( Figure S-5 , Supporting Information) presumably is due to the lack of the matrix effect.
The amount of tissue homogenate sample was also found to affect the signal intensity. A fixed volume, 10 μL, of the solvent was applied onto paper triangles of a fixed size (5 mm base by 10 mm height) with different amounts of mouse liver tissue homogenate spiked with imatinib at a concentration of 500 ng/ mL. Maximum spectral intensity of imatinib was observed for the sample amount of 1.5 μL, as shown in Figure 5b . This phenomenon presumably is due to the trade-off among the total amount of analyte present, efficient extraction of the analyte by the solvent, and the matrix effect on ionization.
' CONCLUSION
In this study, paper spray is used for direct analysis of tissue samples. Hormones, lipids, and therapeutic drugs can be readily analyzed from untreated tissue or tissue homogenates with minimum sample preparation. The method provides molecular information in a rapid and convenient fashion for the tissue biopsy diagnosis and has potential application to fast screening in clinics. It differs from ambient ionization methods like DESI 46 in that it requires transfer of the tissue to be analyzed to the paper and, as such, it is not an imaging method; however, larger tissue sample sizes are generally used, making the data of higher quality than that in the imaging methods. It is also useful to compare this methodology with the solvent extraction method of Van Berkel 47 which also addresses the problem of simplified examination of analytes in a complex solid-phase material using solvent. Reliable quantitative analysis directly using untreated tissue will require better control of the sample amount during the biopsy as well as a reproducible means for transferring the sample onto the paper. 
